A better understanding of community dynamics and ecosystem functioning can be achieved by describing how community functional structure responds to environmental change over both time and space and by identifying which functional groups best mediate community responses. Here, we used a trait-based approach in combination with a newly developed application of principal response curves to functionally characterize a rapid taxonomic shift in the eastern English Channel fish community in the late 1990s. We identified the functional groups with the greatest contributions to the overall shift in fish functional structure and uncovered significant trait−environment relationships. We found that pelagic species with rapid life history cycles, characterized by broadcast spawning, small offspring size, and early maturation, declined considerably in abundance following an increase in sea surface temperature associated with a warming phase of the Atlantic Multidecadal Oscillation, which was likely exacerbated by historical fishing pressure. In contrast, species with late maturation, high parental care, and few, welldeveloped offspring increased in abundance, reinforcing that fish community responses to climate warming are strongly mediated through life history traits. By examining how environmental factors drove a community shift at the trait level, we provide a mechanistic understanding of how fish functional structure responds to rapid environmental change.
and is now recognized as an essential step forward in community ecology and natural resource 51 management (Hooper et al. 2005 ). Thus, a better understanding of community dynamics can be 52 achieved by describing how community functional structure responds to environmental factors 53 over both time and space, and identifying which ecological traits best mediate community 54 responses. 55
Rapid and pronounced shifts in community structure have been documented in many 56 ecosystems worldwide and are often related to rapid environmental change ( Here we used a trait-based approach with PRC to functionally characterize the shift in the 85 Eastern English Channel fish community, specifically answering i) did changes in taxonomic 86 community structure correspond to a pronounced shift in functional structure, ii) which functional 87 groups were most contributive to overall changes in functional structure, and iii) which 88 environmental factors were most associated to changes in functional structure through time? By 89 examining the underlying functional changes behind the taxonomic shift, we provide a 90 mechanistic understanding of changes in fish functional structure in response to rapid 91 environmental warming. 92
93

Methods
94
Fish community data 95
The fish community of the Eastern English Channel (EEC, area VIId defined by the International 96
Council for the Exploration of the Sea, ICES) has been sampled every October since 1988 during 97 the Channel Ground Fish Survey (CGFS). Here, we focused on the study period of 1988 -2011. 98 The CGFS sampling scheme is spatially stratified by subdividing the EEC into 15'×15' 99 rectangles where at least one 30-min haul is made during daylight hours at an average speed of 100 3.5 knots. A high (3 m) vertical opening bottom trawl (GOV) with a 10-mm-stretched-mesh-size 101 codend is used. The stratified sampling scheme manages to complete 90 to 120 hauls per year 102 depending on weather conditions, and we removed all sites that had not been visited for at least 103 three consecutive years (Auber et al. 2017 traits were used for this study related to life history, habitat use, and trophic ecology (Table 1) . 114
Traits were chosen if they were i) readily available, ii) deemed accurate by comparison of 115 multiple sources and iii) potentially implicated in the response of communities to environmental 116 change. Categorical or binary traits included parental care, water column position, and trophic 117 guild, while continuous traits included length and age at maturity, fecundity, offspring size, 118 temperature preference, and trophic level. Temperature preference was calculated as the median 119 temperature of a species across its global range of observations for which data were available. 120 121 
Fishing pressure 166
Fishing pressure was assessed using three different fishing mortality indices: F pelagic , F demersal , and 167 F benthic , for pelagic, demersal and benthic species, respectively. These were estimated annually as 168 the 1-year-lagged landing-weighted average fishing mortality rates for stocks assessed by ICES 169 working groups, namely mackerel and herring for pelagic, cod and whiting for demersal, and 170 plaice and sole for benthic. The fishing mortality rates of these 6 stocks (the only stocks 171
analytically assessed in the EEC) were considered representative of the global fishing pressure on 172 the EEC fish community, as these species account for more than 60% of total landings in the 173 we considered the years 1988 to 1997 as the pre-shift period (baseline period), and 1998 to 2011 211 as the post-shift period (tested period). We then applied the PRC analysis to examine changes in 212 functional community structure at each site between the two time periods, and to identify the 213 functional groups with the highest contributions to overall change. The PRC analysis was 214 performed using the function prc in the R package vegan. Significant changes in functional 215 structure between the two periods were then tested at each sampling site using Monte-Carlo 216 permutation tests designed to correct for the increase in the family-wise type 1 error rate due to 217 multiple comparisons across sampling sites (see Auber et al. [2017] for full details and R code). 218 219
Influence of environmental factors and fishing mortality 220
We identified the influences of environmental factors on temporal changes in fish functional 221 structure using RLQ and fourth corner analyses, where we considered environmental factors 222 across years rather than across sites. RLQ is a method that integrates environmental data (R), 223 species abundance data (L), and species' ecological traits (Q) to examine how environmental 224 
Results
251
The PRC analysis revealed that sampling sites explained 34% of spatio-temporal variance in fish 252 functional structure (horizontal axis Fig. 1a) , while time explained 13.4%, 71% of which is 253
represented by the first canonical axis of the PRC analysis (vertical axis Fig. 1a ). All sites in the 254 EEC were characterized by positive c dt values, indicating that the type of community change was 255 the same at every site (Fig. 1a) . However, c dt values were highly variable across sites, indicating 256 that while all sites experienced the same type of change, the magnitude of change was spatially 257 heterogeneous (Fig. 1a,b) . Monte-Carlo permutation tests further revealed that 36 out of 79 sites 258 had a significant change in fish functional structure between the two time periods (Fig. 1b) . with negative values (decreasing) (Fig. 1) . Concurrently, there was an increase in clutch hiders 275 (i.e., high parental care) and species with high age at maturity (3 -4.5 years), moderate trophic 276 level (3.25 -3.4), high temperature preference (≥12.5°C), and low fecundity (2 -880) (Fig. 1) . 277
Thus, the taxonomic shift in the EEC fish community in the late 1990's was generally 278 characterized by a strong decrease in pelagic and planktivorous species with opportunistic, 'r-279 selected' life history traits, and a moderate increase in species with equilibrium, 'K-selected' life 280 history traits. 281
282
Influence of environmental factors 283
RLQ analysis identified AMO, demersal and pelagic fishing mortality, SST, and NAO as the 284 primary drivers of temporal variability in fish functional structure, as AMO and fishing mortality 285 had the highest correlations with the first RLQ axis, and SST and NAO were both highly 286 correlated with the first RLQ axis and had the highest correlations with the second RLQ axis 287 (Figure 2, Figure 3 relationships with demersal species and species with high age at maturity (3 -4.5 years), and 308 negative relationships with pelagic and planktivorous species and species with low trophic level 309 (2.2 -3.25), low age at maturity (1.4 -2.3 years), and low temperature preference (10.4 -310 11.3°C) (p < 0.05, Fig. 4 ). In contrast, NAO was positively correlated with planktivores and 311 negatively correlated with species with high temperature preferences (≥12.5°C). SST was 312 positively correlated with species with the largest length at maturity (≥40.1 cm), lowest fecundity 313 (2 -880), largest offspring size (≥2.7 cm), and reef-associated species, and negatively correlated 314 with species with low temperature preference (10.4 -11.3°C) (p < 0.05, Fig 4) . Dissolved oxygen 315 had a single, positive association with high trophic level species (≥4) (p < 0.05, Fig 4) . Pelagic 316 and demersal fishing mortality had nearly identical relationships with functional groups; however 317 pelagic mortality had fewer significant associations. Both pelagic and demersal mortality were 318 positively associated with pelagic and planktivorous species, and negatively associated with 319 demersal species and species with high age at maturity (3 -4.5 years) (p < 0.05, Fig 4) . Demersal 320 fishing mortality was also positively related to species with the lowest trophic level (2.2 -3.25) 321
and lowest age at maturity (1.4 -2.3 years) (p < 0.05, Fig 4) . However, re-running the fourth 322 corner analysis with MSR to account for temporal autocorrelation revealed that only AMO and 323 SST had significant associations with any of the functional groups, indicating potential spurious 324 correlations for fishing mortality, oxygen, and NAO due to high autocorrelation (Fig 4) 
Discussion
338
Here, we found that a previously documented taxonomic shift in a temperate marine fish 339 community also corresponded to a considerable shift in fish functional structure. This is a major 340 finding as community functional structure can be relatively unaffected by temporal species 341 replacement or turnover (Villéger et al. 2010 , Clare et al. 2015 . Examining the taxonomic shift 342 through the lens of ecological traits provided more pronounced results and greater insight into the 343 biological mechanisms behind the shift. We found that the shift was characterized by a large 344 decrease in the abundance of pelagic, planktivorous species with low temperature preferences and 345 opportunistic, 'r-selected' life histories such as low age and size at maturity and low trophic level, 346 and a concurrent increase in species with moderate to high temperature preferences and 347 equilibrium, 'K-selected' life histories such as high size and age at maturity, few large offspring, 348 and high parental care. Interestingly, we found significant temporal change in functional 349 community structure at roughly half of all sites (36 of 79), whereas Auber et al. (2017) identified increases in species with high temperature preferences as contributive to the overall 363 change in fish functional structure, and also identified correlations between AMO, SST, and 364 temperature preference. While the North Atlantic Oscillation (NAO) was also correlated to 365 changes in fish functional structure, the NAO is a regional index of atmospheric pressure that was 366 associated with ocean warming in the late-1980s (Reid et al. 2001 ), but has progressively 367 declined in parallel to the AMO increase. 368
While AMO appeared the primary driver of changes in fish functional structure, RLQ 369 analysis also identified substantial correlation between fishing mortality and functional group 370 dynamics. However, both demersal and pelagic fishing pressure declined in parallel to decreasing 371 fish abundances, and both fishing indices had identical relationships with the abundance of small 372 pelagic fishes. Thus, fishing mortality was likely not a primary driver of changes in fish 373 functional structure, as pelagic fishing mortality declined in parallel to a pronounced decrease in 374 small pelagic fishes. The community shift being characterized by a rapid decrease in species with 375 fast life history cycles also indicates an environmental response rather than progressive fishing 376 Furthermore, the observed functional shift also reflects reduced contemporary fishing effort, as 391
we observed an increase in larger and higher trophic level species through time (Pauly et al. 392 2002) . Altogether it appears that historical overfishing in combination with rapid environmental 393 change induced a major shift in fish functional structure, as the EEC was dominated by species 394 with environmentally-sensitive life history traits in the early 1990s, which were highly responsive 395 to the shift in AMO. 396
While high temperature preference was identified as an influential trait, temperature 397 preference is a 'soft' (i.e., easily measured but less informative) trait that serves as a proxy for analysis to examine the potential drivers of temporal changes in fish functional structure; 464 however RLQ is unable to identify statistical significance due to potential autocorrelation, and 465 can only reveal associations among variables. 466
By using a trait-based approach, we were able to uncover the ecological characteristics 467 linking species that drove a rapid shift in the EEC fish community. These findings increase our 468 understanding of how organisms respond to environmental change and help anticipate how 469 ecosystems might change in the future. Growing evidence shows it is essential to adopt a trait-470 based approach as it provides better understanding of biological mechanisms and because global 471 change will have drastic impacts on biodiversity, which will be mediated through species' 472 functional characteristics. Functional trait diversity maximizes ecosystem multifunctionality. Nat Ecol Evol 1:0132 545
